We have established a fabrication process for conductive carbon nanotube ͑CNT͒ tips for multiprobe scanning tunneling microscope ͑STM͒ with high yield. This was achieved, first, by attaching a CNT at the apex of a supporting W tip by a dielectrophoresis method, second, by reinforcing the adhesion between the CNT and the W tip by electron beam deposition of hydrocarbon and subsequent heating, and finally by wholly coating it with a thin metal layer by pulsed laser deposition. More than 90% of the CNT tips survived after long-distance transportation in air, indicating the practical durability of the CNT tips. The shape of the CNT tip did not change even after making contact with another metal tip more than 100 times repeatedly, which evidenced its mechanical robustness. We exploited the CNT tips for the electronic transport measurement by a four-terminal method in a multiprobe STM, in which the PtIr-coated CNT portion of the tip exhibited diffusive transport with a low resistivity of 1.8 k⍀ / m. The contact resistance at the junction between the CNT and the supporting W tip was estimated to be less than 0.7 k⍀. We confirmed that the PtIr thin layer remained at the CNT-W junction portion after excess current passed through, although the PtIr layer was peeled off on the CNT to aggregate into particles, which was likely due to electromigration or a thermally activated diffusion process. These results indicate that the CNT tips fabricated by our recipe possess high reliability and reproducibility sufficient for multiprobe STM measurements.
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I. INTRODUCTION

Carbon nanotubes
1 ͑CNTs͒ exhibit remarkable structural, mechanical, and chemical properties such as small radius, high aspect ratio, mechanical robustness, flexibility, high electrical conductivity, and chemical inertness. 2 These properties have made CNTs a promising tip material for scanning probe microscopy ͑SPM͒ applications 3 such as atomic force microscopy ͑AFM͒ and scanning tunneling microscopy ͑STM͒. A CNT tip for SPM offers important advantages over conventional metal tips by virtue of high-lateral-resolution imaging, tracing of rough surfaces with steep and deep features, preventing the multitip effect, retention of structural perfection of tip apex, and reducing damage to delicate samples. Moreover, in electronic transport measurement on the nanometer scale using a multiprobe STM, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] the CNT tips are expected to reduce the probe spacing between the tips and also contact areas on samples compared with electrochemically sharpened metal tips. In the case of its AFM application, 3, 20, 21 the CNT tip has already proven the abovementioned advantages. The CNT tip for AFM is well established and is now commercially available. However, when the CNT is applied to a STM tip, 3, [22] [23] [24] [25] one meets serious roadblocks in facilitating durability, mechanical robustness, and electrical conductivity between a CNT and the supporting metal tip. This is because the junction between the CNT and the supporting tip is rather loose and not always electrically well connected. In this sense, the CNT tip for STM has not yet been established, although, in single-probe operation, it has demonstrated great advantages in the high-resolution imaging and spectroscopy compared with the conventional metal tip. [22] [23] [24] [25] To exploit the CNT tips as conductive probes, overcoming above roadblocks and a high-yield synthesis method are highly required. In our previous studies, for single-probe STM, electrical conductivity between a CNT and the supporting metal tip has been improved by wholly coating the CNT tip uniformly with a thin metal layer by pulsed laser deposition ͑PLD͒. [24] [25] [26] However, breakthroughs in the durability and mechanical robustness of the CNT tip remain to be achieved.
The following attachment methods have been adopted so far for CNT tip preparation: ͑1͒ attaching a CNT to a metaltip apex individually in a scanning electron microscope 27, 28 ͑SEM͒ and depositing amorphous carbon locally by electron beam deposition ͑EBD͒ to strengthen adhesion, ͑2͒ growing a CNT directly on a metal-tip apex by chemical vapor deposition ͑CVD͒, 29 and ͑3͒ attaching a CNT to a metal-tip apex by ac dielectrophoresis. 30, 31 Attaching a CNT in a SEM chamber by EBD requires great skill and a goniometer stage for aligning and manipulating the CNT, and the throughput is very low. For the direct growth of a CNT by CVD, it is difficult to control the length, density, position, and orientation of the CNT. In contrast, attaching a CNT by ac dielectrophoresis affords high-yield synthesis of the CNT tip without complicated manipulators and skill. However, the junction between the CNT and the supporting metal tip is not stiff enough, which causes serious problems on the practical durability of the tip such as vanishing of the CNT from the tip apex during tip transportation. In multiprobe STM, this problem is especially more serious than in single-probe STM, since several CNT tips must be installed into a chamber at once and must have direct contact with measuring objects. To fully develop the CNT tips as conductive probes in multiprobe STM, it is indispensable to satisfy the requirements in practical durability, mechanical robustness, and stable electrical conductivity. However, no breakthrough in overcoming the roadblocks has been reported so far.
In this article, conductive CNT tips for multiprobe STM were successfully synthesized with high yield. We applied dielectrophoresis to attach a CNT on a supporting W tip, and reinforced the adhesion between them by EBD of amorphous hydrocarbon and subsequent heat treatment, and finally coated the tip wholly with a 6-nm-thick PtIr layer. The survival rate of the CNT tips was improved to more than 90% after long-distance transportation in air, indicating the practical durability of the CNT tip. The shape of the CNT tip was maintained even after 100 repeated contacts with another metal tip, which evidenced the mechanical robustness of the CNT tip. We exploited the CNT tips for the electronic transport measurement by a four-terminal method in a multiprobe STM, in which the PtIr-coated CNT portion of the tip exhibited diffusive transport with a low resistivity of 1.8 k⍀ / m. The contact resistance at the junction between the CNT and the supporting W tip was estimated to be stably less than 0.7 k⍀. Even though the formation of the PtIr grains was confirmed on the CNT portion of the tip, the PtIr thin layer remained at the CNT-W junction portion after excess current passed through, which led to the reduction of the contact resistance. Figure 2 shows the best fabrication process for the robust and conductive CNT tips in this study. ͑a͒ To prepare the CNT suspension, 0.2 mg of multiwalled CNT ͑MWNT͒ was dispersed in 20 ml of dichloroethane, and this solution was sonicated in an ultrasonic bath for 3 h. We used commercially available MWNTs ͑Materials and Electrochemical Research Corp.͒ grown by the arc discharge method, which had an average diameter of 20 nm and a length larger than 3 m. ͑b͒ A W wire of 0.25 mm in diameter was electropolished with a 2M NaOH solution to prepare a sharpened tip. Then, the CNTs were attached to an apex of a W tip by ac dielectrophoresis in air ͓Fig. 1͑a͔͒. 30 The W tip was dipped into a drop of the CNT suspension on a stainless plate while applying a high-frequency voltage between the tip and the plate. The peak-to-peak ac voltage was 20 V and the frequency was fixed at 15 MHz. It took only a few seconds to attach the CNT onto the end of the W tip. ͑c͒ To reinforce the adhesion between the CNT and the W tip, the amorphous hydrocarbon with a thickness of 20 nm was deposited around the junction portion ͑100ϫ 300 nm 2 ͒ between the CNT and the W tip by EBD using methyl isobutyl ketone ͑MIBK͒ gas with a partial pressure of 1 ϫ 10 −3 Pa in a SEM chamber ͓Fig. 1͑b͔͒. The electron beam had an energy of 10 keV, a beam spot size of 5 nm, and a current density of 1 ϫ 10 −4 A/cm 2 . Then, the tip was annealed at 500°C for 30 min using a ceramic heater in vacuum with a pressure of 1 ϫ 10 −4 Pa ͓Fig. 1͑c͔͒. ͑d͒ The reinforced CNT tip was uniformly coated with a 6-nm-thick PtIr thin layer by PLD ͓Fig. 1͑d͔͒. The coating was carried out at room temperature using a PtIr target ͑compositional ratio, 80: 20 at. %; purity, 99.9%͒ under a pressure of 1 ϫ 10 −4 Pa. The details of the PLD apparatus were described in our previous papers. 24, 32 To test the durability of the CNT tips, we transported both the CNT tips with and without the reinforcing treatment from Osaka to Tokyo ͑over 500 km͒ by train in air. The CNT tips placed on an antistatic mat were packaged in a plastic case, wholly wrapped in cushioning material. The transportation time was 3 h. The average temperature and humidity during the transportation were 20°C and 50%, respectively. Then, the survival rate and properties of the CNT on the W FIG. 1. ͑Color online͒ Schematic diagram of the best fabrication process for robust and conductive CNT tips: ͑a͒ fabrication of a CNT tip by ac dielectrophoresis, ͑b͒ deposition of the amorphous hydrocarbon around the junction portion between the CNT and the W tip by EBD, ͑c͒ annealing of the tip at 500°C, and ͑d͒ coating of the tip with a PtIr layer by PLD.
II. EXPERIMENTAL METHOD
tip apex were evaluated from the SEM observation. To evaluate the mechanical robustness and electrical conductivity of the tips in multiprobe operation, four CNT tips were installed into an independently driven four-tip STM apparatus with a SEM apparatus. 5, 9 All experiments in multiprobe STM were carried out at a pressure of 1 ϫ 10 −6 Pa at room temperature under SEM observation. The CNT tip was also introduced into an ultrahigh-vacuum ͑UHV͒ single-probe STM system ͑OMICRON͒. The clean Si͑111͒-7 ϫ 7 reconstructed surface was prepared by conventional thermal flashing in UHV. High-resolution transmission electron microscopy ͑HRTEM͒ and SEM were utilized to characterize ex situ the structural properties of the tips.
III. RESULTS AND DISCUSSION
Figures 2͑a͒ and 2͑b͒ show typical SEM images of the PtIr-coated CNT tips with relatively short and long CNTs, respectively. The lengths of the CNTs were 100 nm and 3 m, respectively. The protruding CNTs are straight, and align along the axis direction of the W tip. No CNTs protruding from the side surface of the W tip were found. In Fig.  2͑a͒ , the protruding CNT has a diameter of approximately 35 nm. On the other hand, in Fig. 2͑b͒ , the root area of the CNTs has a large diameter of 150 nm owing to their bundling. However, the tip apex has a diameter of approximately 30 nm and consists of a single CNT, indicating that the CNTs taper to a sharp point with distance from the root. Figure 2͑c͒ shows a TEM image of a PtIr-coated CNT. The thickness of the PtIr thin layer was estimated to be approximately 6 nm from a magnified image in the inset of Fig. 2͑c͒ . Thus, the PtIr coating was successfully achieved with nanometer accuracy reflecting the shape of the MWNT, and the average surface roughness of the layer was less than 0.5 nm. The lattice fringe of graphite can be clearly observed, indicating that the inner MWNT maintained good crystallinity.
To investigate the durability of the CNT tips, we fabricated three types of tips by different procedures: ͑1͒ 500°C annealing in vacuum after the reinforcing by EBD, ͑2͒ 500°C annealing before the EBD, and ͑3͒ no annealing nor EBD treatments. After the long-distance transportation in air from Osaka to Tokyo by train, we checked whether the CNTs at the tip apex survived. The survival rates of the CNT tips prepared by the three processes are summarized in Table I . For untreated CNT tips, most tips lost the CNTs at the tip apex. In contrast, the survival rate of the CNT tips was improved markedly by annealing after EBD. Since the amorphous hydrocarbon formed at the CNT-W junction portion by EBD contains hydrogen, it is likely that the improvement in the durability of the CNT tip subjected to vacuum annealing is attributed to the increase in the number of strong carbon-carbon bonds caused by the decrease in the number of weak hydrogen-carbon bonds in amorphous hydrogenated carbon ͑a-C:H͒. This was supported by previous reports 33, 34 that the heating of a-C : H film at 400-600°C led to hydrogen desorption and caused structural changes.
To evaluate the mechanical robustness of the PtIr-coated CNT tip, the tip was subjected to direct contact with another W tip more than 100 times repeatedly in the multiprobe STM, and the electrical conductivity through the contact point was measured by a two-terminal method at each contact. The inset in Fig. 3 shows a SEM image displaying the contact configuration between two tips. Both tips B and D are PtIr-coated CNT tips. The length and diameter of protruding CNTs of tip B were approximately 1.2 m and 50 nm, respectively. While the position of tip D was fixed, tip B was moved back and forth with a piezoelectric actuator to make direct contact with and detach from the side surface of the supporting W tip portion of tip D. The motion of tip B was controlled without a STM feedback system. A bias voltage of 10 mV was applied between tips B and D, monitoring the current between them during the movement of tip B.
When the current exceeded a threshold value of 1 nA, the movement of the tip was stopped. Upon the direct contact, the current overran the threshold value. Then, the currentvoltage ͑I-V͒ characteristics between the two tips were measured. It showed an Ohmic character in which the current was proportional to the voltage in the range of ±100 mV. Figure 3 shows the two-terminal resistance ͑R 2t ͒ between tips B and D measured at each contact. According to a previous study, 26 R 2t is dominated by the contact resistance between the CNT apex of tip B and the side surface of tip D. It was found that R 2t was highly stable at approximately 120 k⍀ during 100 repeated contacts. In the case of conventional metal tips, the resistance scattered from contact to contact due to the variation of contact resistance between the tips, which was caused by the tip deformation during the repeated contacts. The high stability of the measured resistance in our experiment implies that both the contact condition and the structural property of the tip apex of coated CNT were stably maintained during the repeated contacts. Indeed, from the SEM observation, we confirmed that the tip shape did not change, without damage such as deformation and shortening, during the above measurement.
We also demonstrated STM imaging of a Si͑111͒-7 ϫ 7 surface ͑not shown͒. As reported by Treacy et al. 35 and Shimizu et al., 22 since the CNT tip with a relatively long CNT is unsuitable for STM observation owing to the thermal vibration, the PtIr-coated CNT tip with a short CNT ͑diam-eter: 30 nm, length: 150 nm͒ was used. The atomic images of both empty and filled states were obtained stably for a period of over 2 h ͑maximum time we did the experiment͒ without degradation of resolution. These results clearly evidence that the junction between the CNT and the W tip was mechanically robust and electrically stable.
Next, we estimated the electrical strength of a PtIrcoated CNT attached to tip B in Fig. 3 . The I-V measurement by the two-terminal method revealed that the PtIr-coated CNT could pass a current of approximately 25 A without any apparent damages, which was the upper-limit current that can be measured using our system. This indicates that the PtIr-coated CNT tip has a current-carrying capability sufficient for practical use in nanometer-scale transport measurements.
We evaluated the electrical conductivity of the CNT tip by a four-terminal method in the multiprobe STM. Figure  4͑a͒ shows a typical SEM image of the configuration of four PtIr-coated CNT tips during the measurement. We performed the electrical characterization of tip A, which has a relatively long CNT whose diameter and length were approximately 35 nm and 3.1 m, respectively. Tip D contacted the end of the PtIr-coated CNT of tip A, and tips B and C were made to contact the CNT portion of tip A. The diameters of tips B, C, and D were 30, 36, and 42 nm, and their lengths were 0.6, 0.6, and 2.3 m, respectively. It is noted that the formation of particles was observed on the CNT of tip A, which represented the PtIr aggregation due to involuntary excessive current conduction. By measuring the current ͑I AD ͒ passing through from tips A to D, and the voltage drop ͑V BC ͒ between tips B and C, the four-terminal resistance ͑R 4t = V BC / I AD ͒ was obtained. I AD ranged from −800 to 800 nA for bias voltages of ±10 mV between tips A and D. By shifting the contacting point of tip B on the CNT portion of tip A while fixing the positions of tips A, C, and D, R 4t was measured as a function of the probe spacing ͑L BC ͒ between tips B and C ranging from 0.9 to 3.7 m. Figure 4͑b͒ shows the dependence of R 4t on L BC . A typical I AD -V BC curve ͑L BC = 1.8 m͒ is shown in the inset, showing linear character. R 4t increased almost linearly with L BC up to 2.4 m ͑dashed line͒, obeying Ohm's law. This result indicates the diffusive transport rather than the ballistic transport of electrons. The resistance ͑R L ͒ per unit length was estimated to be approximately 1.8 k⍀ / m by piecewise linear fitting. The resistance at L BC = 3.7 m was also measured by placing tip B on the supporting W tip portion of tip A, which was the sum of the resistance of the CNT portion itself and the contact resistance ͑R C ͒ at the junction between the CNT and W tip of tip A. Then, R C was estimated to be less than 0.7 k⍀ by subtracting the resistance at L BC = 2.4 m ͑root area of protruding CNT͒ from that at L BC = 3.7 m. In our previous work, 26 the electrical conductivity of the PtIr-coated and bare CNT tips attached on W tips without the heating after EBD was investigated by a three-terminal measurement and a series of two-terminal measurements. The results exhibited that the coating of the PtIr layer stably reduced R C to less than 10 k⍀, which was deduced from the minimum resistance in repeated measurements. In this study, the measured R C of less than 0.7 k⍀ was smaller than that in our previous work. This is attributed to the improvement of the adhesion between the CNT and W tip. Thus, we clearly evidenced the usefulness of the combination of the adhesion reinforcement and the PtIr coating in reduction of the resistance R C at the CNT-W junction.
The above results can be discussed from the viewpoint of electron transport in suspended MWNT. The conduction mechanism of the MWNT in our experiment is characterized by the following findings. First, it is likely that the measured resistance was not affected by the PtIr coating nor the bundle formation in tip A, but originated from a single MWNT. Since the PtIr layer on the MWNT surface formed the particles as shown in Fig. 5 by the involuntary excess current conduction, tips B and C made direct contact not with the PtIr layer but with the MWNT surface. Also, if tips B and C made contact with different MWNTs in the bundle, respectively, R L would exhibit a larger value than that of a single MWNT due to a contact resistance between different MWNTs. Second, the MWNT exhibited diffusive transport as shown in Fig. 4͑b͒ ͑at least for longer than about 1 m͒. Third, outermost-shell transport in the MWNT may occur under our experimental conditions, since tips B-D were softly placed in contact with the surface of the MWNT only, and the voltage drop was measured in the low-bias regime of ±10 mV. It is noted that the measured R L of 1.8 k⍀ / m was an order of magnitude smaller than those of MWNTs in previous studies, 36, 37 conducted by a four-terminal method in which CNTs were laid on a substrate. Moreover, our R L is comparable to that in the multishell transport of a MWNT with an "entire contact" with the electrodes, 38 although our contacts are with the outermost shell only. Therefore, the following factors are considered to contribute to our low R L . In our experiment, the MWNT was passivated by the PtIr layer until the tip was installed in the multiprobe STM chamber. Moreover, the measurement was carried out in vacuum, and the CNT under measurement was not dispersed on a substrate but was suspended between the electrode tips, so that the MWNT is less affected by external disturbances such as interaction with adsorbed contaminant molecules and the substrate. 39 Consequently, we conjecture that the measured low R L represents an intrinsic resistivity in the clean outer shell of the MWNT. This is consistent with the previous report by Bourlon et al.: 37 They estimated the R L values of the outermost shell and inner shell to be approximately 20 and 1 k⍀ / m, respectively. This implies that the resistivity measured in our study is as low as that of their inner shell, which is protected by the outer shell. The structural property of the tip was characterized by TEM after the four-terminal measurement. Figure 5͑a͒ shows a TEM image of tip A after the measurement. The PtIr layer on the CNT aggregated and the inner CNT was exposed. Figure 5͑b͒ shows a magnified image near the CNT-W junction portion in Fig. 5͑a͒ . The PtIr layer remained at this portion, indicating that the PtIr layer actually contributed to the reduction of R C . Figures 5͑c͒ and 5͑d͒ show a magnified image and a diffraction pattern of the exposed CNT area in Fig. 5͑a͒ , respectively. The fringes and ͑0002͒ spots of graphite layers were clearly observed, indicating that the crystallinity of the inner shells of CNT was maintained owing to its high current-carrying capacity. 40 The formation of the PtIr particles is likely to be due to electromigration or thermally activated diffusion. 41 The PtIr particle formation did not occur by I AD ͑Ͻ1 A͒ in the four-terminal measurement ͓the inset of Fig. 4͑b͔͒ , but resulted from accidental pulsed current of approximately 100 A upon switching in electrical circuits. Our results proved the improvement of adhesion between the CNT and the supporting W tip, which can facilitate overcoming the roadblocks in practical durability, mechanical robustness, and electrical conductivity for multiprobe STM application. In the four-terminal measurement, the minimum probe spacing between tips B and C was approximately 0.9 m. This restriction came from the fact that the CNTs at the apexes of tips B and C were short and therefore the supporting tip portions contact each other as shown in Fig. 4͑a͒ . In a previous study, 25 we demonstrated the operation of two CNT tips with a 1-m-long CNT and achieved a minimum probe spacing of approximately 50 nm. The tips with a CNT of well-controlled length are indispensable for reducing the intertip spacing and adjusting the resistance of the CNT tip itself in multiprobe STM measurements. For this purpose, the cutting of a long CNT is a promising method. [42] [43] [44] [45] Using four tips with a length-adjusted CNT and/or sharper supporting metal tips, it is possible to reduce the intertip spacing to approximately 30 nm. Thus, the CNT tips fabricated by our proposed technique offer the potentiality of multiprobe STM for practical use in electrical measurement on the nanometer scale. 
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